This study was conducted to compare micromineral homeostasis across ornamental fish species. Ten different species (n = 3, total = 30) of live ornamental fish were randomly sampled from one big aquarium in a pet store in Belgium. All fish samples were dissected manually for the collection of targeted tissues. The tissue samples were ashed by microwave oven, and the extract was analyzed for copper (Cu), iron (Fe), and Zinc (Zn) by inductively coupled plasma mass spectrometry. Fe was associated with Cu in muscle tissue (p < 0.05), but neither of them were associated with Zn in the muscle. However, the three micromineral concentrations were correlated in the heart (p < 0.05). Similarly, all of them were correlated in the liver (p < 0.05), but none of them showed a significant association in the tail fin. Excess deposition of minerals in heart tissue is a new observation, and it is not known if this is meant as storage or rather the fish heart has a high requirement for microminerals. Storage in the tail fin should be interpreted as a sign of permanent deposition as a tool to dispose off toxic excess. The lack of correlation between the muscular concentrations of Zn on the one hand, and those of Fe and Cu on the other hand, further suggests that fish species distinctly differ in their micromineral metabolism. Although this exploratory study still leaves many questions unanswered, it points to the large diversity in micromineral metabolism among fish species.
Introduction
Historically, keeping ornamental fish is dating back to thousand years for Far East countries and followed by Europe in early seventeenth century. Nowadays, aquarium keeping is among the most popular of hobbies with millions of enthusiasts' worldwide [1, 2] . The production and trade of ornamental fish is a profitable alternative in the aquaculture sector [3, 4] . Despite the economical importance of this sector, the nutritional information for ornamental fish is scarce; often, few data of the nutritional requirements is available and the dietary requirements of these animals continue to be one of the least explored areas of pet nutrition [2, 5, 6] .
In general, a full and comprehensive understanding about micromineral requirements and toxicity in fish is far from complete [7] . Identifying the margin between the micronutrient requirement and toxicity is relevant for the aquaculturist. This is because some microminerals are known to have a small margin between requirement and toxicity, leading to situations where a dietary provision of a particular mineral would be near deficiency for one species, but might be toxic for another species [8] . Ornamental fishes have traditionally been cultured in multispecies (community aquaria) form in a single aquarium. This may be interesting in terms of hobby and space. However, from a nutritional point of view, it may bear a risk of toxicity for one species and deficiency for another species [7, 9] . When ornamental fish are kept in multispecies aquaria, they are fed the same diet in such a setting, hence posing a challenge to feed all species adequately. There is a case reported by different scholars, in which some microminerals have a small margin between requirement and toxicity in its nature [8] [9] [10] .
Nutritional diseases of fish may develop as a result of deficiency (under nutrition), excess (over nutrition), or imbalance (malnutrition) of nutrients present in their food [11, 12] . A deficiency in any required nutrient can adversely affect health by impairing metabolic functions and increasing susceptibility to disease [12] . When there is too much food, the excess that is converted to fat and deposited in fish tissues and organs may severely affect physiological functions of the fish [13] . Nutrient deficiency should not occur when diets have been formulated and prepared based on the species' requirement. However, some commercially available diets for another species may sometimes be used in the absence of a suitable formulation, resulting in deficiencies [12, 14] .
As it can be seen from terrestrial species, the body regulates micromineral homeostasis through absorption, storage in and mobilization from tissues, and excretion [9, 10] . Copper (Cu), zinc (Zn), and iron (Fe) are examples of essential microminerals that can pose problems with either deficiency or overload across animal species. Their availability in excess inside the cell will change the nature of these elements into toxicity [7, 12] . Oxidation-reduction reactions that occur inside the cell play a role in the noxious effect of these elements. Although Cu and Fe attribute to the occurrence of free radicals, Zn acts in the defence against tissue damage.
In spite of many studies on the nutritional profile of farmed fish, little were performed on ornamental fish [2] . In particular, little is known on the micromineral accumulation in different ornamental fish, whereas this would provide insights in how microminerals are regulated across species. The present study mainly targeted on four tissues (heart, muscle, liver, and tail fin) of ornamental fish of different species. The tissues were chosen to unravel corresponding mechanisms: muscle concentrations typically reflect metabolically involved minerals; heart concentrations were assumed to reflect circulating minerals; liver concentrations were assumed to reflect exchangeable storage of excess minerals; tail fin concentrations were assumed to reflect permanent storage of excess minerals. The objective of this study was to compare micromineral homeostasis across ornamental fish species.
Materials and Methods

Fish Sampling
Ten different species (n = 3, total = 30) of live ornamental fish were randomly sampled from one big aquarium in a pet store in Belgium (Table 1 ). The fish samples were placed in a double polyethylene bag with sufficient aeration and transported to the nutrition lab at the Faculty of Veterinary Medicine, Ghent University, Belgium. At arrival, they were classified, weighed, measured by total length, and killed by anesthetizing through overdosing of benzocaine (MS 222, 0.8 g/L at pH 7.5). Afterwards, all fish samples were dissected manually for the collection of targeted tissues and the tissues were kept frozen at − 20°C until further analysis.
Analytical Procedure
The targeted tissue samples were weighed on a microbalance (Mettler Toledo, AT21 comparator). The samples were homogenized, allowed to react for 12 h in the solvent of 3 mL HNO 3 and 3 mL H 2 O 2 . Subsequently, samples were ashed by microwave oven (CEM, MARS6) with the following programme: 10 min at 55°C and 400 W/10 min at 75°C and 600 W/40 min at 120°C and 1200 W. The extract was analyzed for Cu, Fe, and Zn by inductively coupled plasma mass spectrometry (ICP-MS; PerkinElmer, Elan DRC-e). Extracts were diluted 1:10 (v/v) with Ga as internal standard solution. The signal of the sample analyte was always within the standard curve.
Statistical Analysis
All data were checked for homogeneity of variance and normality; the data which were not normally distributed were logtransformed. Pearson correlations were calculated per micromineral between organs across species. Statistical analysis was performed with SPSS 22.0 for Windows. Significance was accepted at P < 0.05.
Results
The median, minimum, and maximum Fe, Cu, and Zn concentrations across the studied fish showed extreme variations ( Table 2 ). The micromineral concentrations varied with tissue type. The Fe concentration was highest in all tissues except for Zn being higher in tail fin. Zinc concentration was also remarkably high in the heart, whereas Cu was the mineral with the lowest concentration in every analysed tissue. Tables 3 and  4 show these variations per species. In general, muscle tissue showed the lowest concentrations for each of the three microminerals in all species, still with important variation among species. Especially in the liver, the micromineral concentrations varied tremendously, with extremely high values in, for instance, albino grass carp, comet tail, and sarasa. Despite being also a muscle, heart tissue had considerably higher concentrations than body muscle. The tail fin seemed to mainly store Fe and Zn, whereas Cu concentrations were fairly low in that tissue.
Correlation of the targeted tissues in its micromineral (Fe, Cu, and Zn) deposition levels is shown in Table 5 . The level of Fe in liver was significantly correlated with the heart and tail fin (p < 0.05). There was no correlation of Fe level in the liver with muscle. Muscle Fe, Cu, and Zn levels were significantly correlated with the tail fin (p < 0.05). The level of Zn in the liver was significantly correlated with the heart (p < 0.05), but its level in the muscle was negatively correlated with the tail fin. Similarly, the level of Cu in the liver was significantly correlated with the heart (p < 0.05).
All three microminerals showed correlation between their muscle and tail fin concentrations (Table 5) , as well as between their heart and liver concentrations. Remarkably, no correlations were found between body muscle and heart (both being muscles) or between the muscle and liver. Only for Fe, a significant correlation existed between the liver and tail fin concentration. Fe was associated with Cu in the muscle tissue, but neither of them was associated with Zn in the muscle. However, the three microminerals were correlated in the heart and in liver. None of them were correlated in the tail fin.
Discussion
The remarkably wide range in micromineral concentrations across species found in this study could be due to a number of factors: Kamaruzzman et al. (2010) (Table 6 ). In this particular study, there was no information on how long the fish had been exposed to the same diet, so that their feeding history may have been different, at least until they arrived in the same aquarium. The scarce knowledge on mineral requirements in ornamental fish does not allow considering species-specific requirements and comparing the present study with others. Therefore, the observed concentrations in particular species are not necessarily typical for that species. Yet, our aim was not only the want to document species requirements but also to look across species for general principles in micromineral homeostasis.
As in many other animals, the liver is a typical storage site of microminerals such as Fe, Zn, and Cu, but especially, this organ showed high variation among species. Studies have reported that minerals are mostly accumulated in metabolically active organs [15] . Studies have confirmed that the liver has a significant function in basic metabolism, (exchangeable) mineral storage, redistribution, and detoxification or transformation [16, 17] . Given that the liver plays a crucial role in synthesizing Fe-, Cu-, and Zn-involved factors, it is not surprising they are highly stored in the liver tissue [18] . The concentration of Fe in the liver was by far higher than other targeted tissues; this is probably due to the presence and metabolism of haemoglobin. Specifically, the liver is the primary organ for Fe bioaccumulation, and it has a vast vascular network where blood passes through. Iron released from the breakdown of haemoglobin, as well as excess Fe found in the body, is stored and detoxified in the liver [19, 20] . This could also be related to the ability of fish to closely regulate internal micromineral concentrations by producing a large number of binding sites following hepatic metallothionein RNA induction and transcription [21] . The excessive deposition of minerals in heart tissue is a new observation, and it is not known if this is meant as storage or rather the fish heart has a high requirement for microminerals. This requires further study to understand the origin of these high concentrations. One route to look into is whether fish sequester these minerals to organs such as the heart under stressful situations. Close (2006) indicated that some minerals, specifically Cu and Zn, are required at a higher level when animals are under stress conditions.
Because fish fins and scales are void of blood vessels, mobilization of microminerals into the bloodstream is not possible; hence, they can be considered a route for excess storage of microminerals. High concentrations of minerals were sinked in the tail fin, especially Zn, since the Zn concentration in the tail fin even exceeded the hepatic concentration.
This agrees with the accumulation of Zn in the hair, claws, and feathers in all studied terrestrial species [22, 23] .
Storage in the tail fin should be interpreted as a sign of permanent deposition as a tool to dispose off toxic excess. Excretion of this excess may be an alternative, but since fish then would take in these minerals again from the water they excreted in, permanent deposition in non-accessible tissues would be a better strategy. The fact that this occurs quickly with Zn suggests that, in the tested conditions, Zn can be considered closest to toxicity. Reports confirmed that setting the mineral requirements in fish is much more complicated than that of in terrestrial animals; this could be due to the close interaction of fish with the aquatic environment [24] [25] [26] . The variation among the fish species indicates that the sensitivity to micromineral toxicity may differ substantially among fish species. This raises the issue of feeding multispecies aquaria, because the minimum requirement for a particular micromineral in one species might already be approaching toxicity for another species. Takeshi et al. [8] reported that microminerals have a small margin between requirement and toxicity, leading to situations where a dietary provision of a particular mineral would be near deficiency for one species, but might be toxic for another species.
It is clear from the correlations among minerals within a tissue that homeostasis differs for each micromineral and for each tissue. In the tail fin, storage of one micromineral is unrelated to the others, whereas in the heart and liver, they show clear associations between the three microminerals across species. Therefore, the extents to which fish species differ in their assimilation rate seem similar for the three tested microminerals, but their deposition is markedly different. The lack of correlation between the muscular concentrations of Zn on the one hand, and those of Fe and Cu on the other hand, further suggests that fish species distinctly differ in their micromineral metabolism. Again, this needs careful consideration, not only when feeding multispecies aquaria with ornamental species but also when it warrants investigation in the differences in micromineral requirements and metabolism of species used for production, since "average" dietary micromineral concentrations may considerably deviate from the actual requirements of particular species. This further underlines the importance of differences in requirements and toxicity of minerals across species. [7, 9] already suggested that fish species can vary such in their mineral requirements that a community aquarium may be exposed to a risk of toxicity for one species and deficiency for another species.
It is further remarkable that muscle concentrations did not correlate with liver concentrations but with tail fin concentrations instead. A way to explain this is that fish species with a high metabolic use of microminerals (as reflected by muscular concentrations) have no high need for liver storage, but directly deposit excess in non-exchangeable tissues such as the tail fin. Sampling fin material may therefore not be an accurate method to compare micromineral status in fish. Even muscle types (heart and body muscle) seem to have concentrations independent of each other, again raising the question if one particular tissue is able to present the micromineral status of fish. Although the heart is also a muscle, it thus behaves independently from the other muscle tissues and-in contrast to the other muscle tissue-does show clear correlations with hepatic concentrations. This may be due to the morphological proximity of the heart and liver, but a physiological link is not easily explained, and will require further investigation. The heart is of relatively small size in fish compared with, for instance, terrestrial species, and therefore, it is less likely that it serves as a storage organ.
The Fe concentration was the only one of the three minerals that showed an association between the liver and tail fin, which again emphasizes that fish species considerably vary in their ways of dealing with microminerals in metabolism. Even if the exact supply of microminerals in the life history of the fish in our study was not known, the data demonstrate that commonly used diets and management condition exert great differences in micromineral concentrations across fish species, up to levels that are commonly considered to warrant caution for toxicity.
Although this exploratory study still leaves many questions unanswered, it points to the large diversity in micromineral metabolism among fish species. This is a general principle that has not received much attention and requires further study since similar conditions seem to exert substantial differences in storage across species. It also raises the question on how micromineral status can be assessed in fish species, since deposits such as in the tail fin may not be representative for micromineral status in every species.
In conclusion, the micromineral distribution throughout the body differs substantially between ornamental fish species, with different strategies for storage of excess microminerals. Although requirements cannot be derived from these data, they suggest different micromineral requirements among ornamental fish species that might need to be considered in the feeding of mixed aquaria. These data urge for further study on potential under-of overfeeding of minerals to ornamental fish and its implications on reproduction and longevity. 
